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Preface

The field of energy dispersive x-ray spectrometry isA1

progressing so rapidly, that with the resources of some large

scLentific companies and laboratories devoted almost exclu-

sively to its development, it is difficult to keep up with

the innovations financially or make any contributions tech-

nologically. Hwever, I think our efforts here to develop

systems with comparable results at lower costs have been

reasonably successful, and the absence of complete automation

is a more desirable situation in academic applications.

I would like to thank Dr. G. John and Dr. G. R. Hagee

for the opportunity to do this study, and for their advice

and help in completing it. I would also like to acknowledge

the valuable assistance I received from J. Miskimen,

G. Gergal, R. Hendricks, and R. Gabriel of the Physics Depart-

ment and M. Wolfe of the AFIT Shop.

My thanks and acknowledgment also to Dr. R. L. Hengehold

for his advice and the design for the electron gun which I

used to obtain all the data presented in this paper.

Finally, I would like to thank my family for their

patience while my time and energy were devoted to this pro-

ject.

W. C. Nielsen, Jr.
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Abstract

The construction and operation of a sy ,m for elemental

analysis of materials by energy-disnersive x-ray analvsis are

described. Tle majority cf the components are found in most

well-equipped physics laboratories while others such as the

electron gun are relatively inexpensive to fabricate. The

Steigerwalt electron gun provides a beam of electrons which

can be varied in diameter from a fraction of a milli-eter to

several centimeters. Fluorescent x rays from samples are

excited either directly by electrons from the gun or by sec-

ondary x rays produced by using the electrons to excite inter-

changeable thin targets, With electron energies up to 40 keV

and beam currents as high as 300x4A elemental concentratiors

a3 low as 10" 7g and less than 10 ppm have been detected with

short exposures. The sensitivity of this system is compared

to systems which use radionuclides and protoi.s to excite

x rays. All x-ray measurements were made with an intrinsic

germanium detector with a resolution (FWHM) of 200 eV at

6.4 keV.
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ELMENTAL ANALYSIS OF MATERIALS BY ENERGY-DISPERSIVE

SPECTROM:ETRY OF X RAYS PRODUCED BY A FOCUSING ELECTRON GUN

I. INTRODUCTLQ_

The purpose of thiL thesis was to design, construct,

and investigate the capabilities of a system for qualitative

and quantitative energy dispersive x-ray spectrometry using

an electron gun and scattering chamber. This was to provide

an additional method of excitation to complement radioisotope

and proton excitation systems also being developed. J
The use of energy dispersive spectrometry became prac-

tical only recently (1966), with the development of dptectors

with resolution good enough to separate the energies of adja-

cent elements. Prior to this, the method of wavelength dis-

persion or diffraction was the only one in general use. This

method relies on the Bragg equation relating a photon's wave-

length to its angle of diffraction from an analyzing crystal.

It is a very accurate technique but has some disadvantages

when compared to energy dispersion. One disadvantage is that

only one wavelength at a time can be examined. The geometri-

cal alignment of the system must also be very precise and the

system components are complex, non-moveable, and require a

large amount of space (Ref 23,6). In addition, the complex-

ity of line spectra compartd to energy spectra makes identi-

fication of elements in the specimen more difficult. By con-

trast, the complete energy spectrum of a specimen is gen-

crated simultaneously, geometry is not as critical, and the

1
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system is less complex,

The development of solid state detectors with !,ilicon or

germaniuIm crystals of high resolution provided the break-

thruugh necessary to maKe energy dispersion an accurate tech-

nique. Detectors with resolution as low as 100 eV (FWHM) are

now available as well as some very sophisticate( equipment to

display and analyze energy spectra. Electron Picroprobes and

microscopes used as exciting sources can not o ily excite

characteristic x ray; in a specimen but also provide images

of the surfaces excited. Systems using thesc. sources plus

radioisotope and x-ray tube excitation are available commer-

cially which excite the specimen, detect anJ display the

characteristic spectrum, autcmatically strLp the background,

integrate the peak areas, .itd iruvide a qialiLatlVe atid quan-

titative readout of the elements present within minutes

(Ref 2418).

Unfortunately, these advanced systems are very expensive

and their cost may bc p .ohihttive for ,nany university physics

departments. The aim of this project was to build an in-

expensive system using components generally available in a

college physics laboratory. The only component that was not

in the inventory at the beginning of the project was the

electron gun which was subsequently faboricated in the school

machine shop at a cost of approximately iwo hundred dollars.

The Ortec scattering chamber usud in the system is an expen-

sive piece of equipment, but can be replaced by a sinpler and

more suitable design. This is recommended because of the

2
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geometrical limitations encountered in this study using the

large Ortec chamber.

Analysis of simple spectral data can be done by hand or

analyzed with the aid of a computer program developed for use

with the CDC 6600 computer. The program provides peak iden.

tificatLon or rejection, and computation of peak areas, rela-

tive intensities and relative detector efficiencies (Ref 3%1).

An electron gun was used primarily to produce character-

istic x rays in thin transmission foils which in turn excited

characteristic x rays in samples placed in the scattering

chamber. Selective excitation was possible using different

foils and the limit of detectability was kept constant

throughout the range of elements examined. Concentrations as

low as 0.1.442 were detected and rrns ..... tZ concentration ,

and intensity were plotted for several elements up to 0.01 g

using the technique of evaporating known conceatrations of

metal salts on a mylar backing.

The use .of a finely focused beam of electrons showed

promise as an analytical tool for determining the composition

and concentration of elements in thick specimens. Attempto

to correlate intensity and weight concentration by direct

electron excitation of National Bureau of Standards stee's

with minimal matrix effects and mathematical unfolding gave

reasonably good results.

The intrinsic geranLum detector used during the exfx:dr-

ments gave consistent 200 eV (FIvim) resolution and was able

to detect and resolve elcme'nts as low as aluminum, although

the efficiency drops off rapidly below chlorine. The

31
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detector will efficiently measure photon energies up to 100

keV which includes the K x rays of all elements through

americium. The escape peaks Inherent with the use of .;er-

manium detectors can be minimized by the selective us(. of

target foils. The use of a silicon detector will in.rease

the efficiency of detection of elements below Z=30, and allow

the investigation of elements as low as oxygen, but does not

compare in total energy range to germanium.

This report is organized into six main sect'ons, Sec-

tion II deals briefly with the theory of x-ray rroduction and
analysis, and Section III descrtbes the equtpmnt used in the

experiments. Section IV is a description of zhe experimental

set-up and procedur, while Section V is dev-ted to the anal-

vs8s of the data and discusston of the r-cu.ts. The conclu-

slons and rccomiidatiun, taru presented in Section VI, and

statistics and auxiliary dat,, in the Appeadices. it

i-
Idi
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II. THEORY

The theory of x-ray production and interaction, and the

interpretation of energy dispersive x-ray spectra are dis-

ci 4ssed in this section. The energy spectrum is the end prod-

uct of a series of processes which must be understood tof

,btain accurate data and analyzE results. Such factors as

fluorescent yield and cross section which govern photon

interactions and x-ray intensity must be covered plus the

differences between charged particle and photon generation of j
x rays.

Both particles and photons also undergo interactions

which do not contribute to the characteristic spectrum.

Inese interactions combined with imperfections in the detec-

tion system produce background which can obscure desired

data.

The interactions which can occur between characteristic

x rays in the specirmen matrix must also be known and elimi-

nated if quantitative analysis is to be accomplished.

All of the processes or phenomena which affect the use

of energy dispersive spectrometry are considered briefly in

the following discussion.

Production of X rays

X rays are produced in a two-step process in which a

quantum of energy, either a photon or a charged particle,

must first interact with an atomr to eject an inner shell

electron. The atom then de-excites by the emission of an

5
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x ray or Auger electron. The electron cannot be removed

unless the incident quantum has an energy reater than the

energy which binds the electron to the nu( leus. When the

vacancy is filled by an outer shell electron, that electron

must give up energy to occupy a more ti -itly bound shell and

tte x ray emitted during the transition is exactly equal to

the energy difference between the two ,.hells. Binding ener-

gies increase with atomic number becat se of the change in the

attractive force between the nucleus and orbital electros.

Thus the energies of x rays emitted Ln transitions betv'een

electron shells are characteristic ,f particular elements.

The intensities of tran-sition. between various electron

shells in an atom depend on the plobability of their occur-

rence which may be cadlc lated ircn the principles of quantum

mechanics. Fig. 1 is a partial !mergy level diagram showing

some of the possible transitionj. According to the dipole

selection rules, the orbital qliantum number must change by

+ I and the total angular momr:ntum must change by :t 1 or 0

for an allowed radiative transition. Generally the most

probable and therefore most intense transitions in a series

are those which involve the lt:st total energy change. The

K intcnzity ia al.ays grcatcr than the K, , and the L, and

Lj are similar to each other and greater than the other L

transitions.

The difference in energy between the ground state and

each shell is called the binding energy and gives the loca-

tion of the absorption edge. It is larger than any fluores-

cent tr-nsition sinuce it represent-; the minimum energy

6
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necessary to eject an electron from its shell.

Fluorescent Yield

When an atom does not de-excite by x ray emission, a

* competing mode called the Auger effect occurs which results

in the ejection of an electron from another shell. This

creates additional vacancies which may lead to further x-ray

or Auger emission. The K-shell fluorescent yield is deftned

as the probability that a K x: ray will be emitted when a K--

shell vacancy is created. The probability of Auger emission

is high for the K-shells of the light elements and the L-

shells of many elements. The fluorescent yield for- these

elements therefore is low as shown in Fig. 2, and they are

difficult to detect because of their low x-ray intens>-

(Ref 111183). i

0.31

I 

Ir

CIAI

1£1111T of PURI~ PiL LINE (III)

Fig. 2. Variation of Fluorescent
YieldJ witn Enrgiy for K anid 1. X rayv
(Rocf 7 16)
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Absorption of X rays

X rays are absorbed in the same way as all electro-

magnetic radiation. The loss of intensity, dl, when passin&

through an incremental thickness, Ux, is proportional to the

intensity, I. The constant of proportlonality is called the

linear absorption coefficient,L4, which is the interaction

probability per unit path length for absorption interactions

and is a tunetion of the energy of the incident radiation.

This relationship is written

dI -. ldx (1)

which after inte.gration becomes

I -Ioe~'~ (2) -

where I 's the intensity of :he incident photons and I is0

the incensity transmitted thit j,,c a slab of thirkness, x.

Since photoelectric absorption is most probable when the

energy of the incident radiation is just above the absorption

edge, the value ofa1 increases abruptly just as the edge is

exceeded. This can be seen in 1.g. 3 which shows the rela-

tionship between the absorption coefficient and the exciting

energy for molybdenum. Eq (2) is a rclativciy simple rela-

tionship, but very useful when determAning transmission or

filtering of x rays through target foils.

Scatterinf of X rays

"he radiation that is not photoelectrically absorbed can

interact with atoms in other ways. If the energy of the

9
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104

._ L Edges

0 3

0 0 K Edge
o0 ioI

2O 10

0.1 1.0 10 100
ENERGY (Key)

Fig. 3. Mass Absorption Coefficient vs. Energy for Mo
(Ref liII)

incident radiation is greater than 1.02 NeV, pair production

can occur resulting in the creation of an electron-positron

pair. This mechanism is not usually observed in fluorescent

x-ray production because of the low eiiergLes (E < 100 keV)

involved. Most of the non-absorption interaction consists of

scattering collisions with atoms and e.ectrons.

Coherent Scatter, Coherent or Rayleigh scatter occurs

when a photon collides with an atom and changes direction,

but retains almost all of its original energy, Because of

10
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the massive size of the atom compared to the photon, almost no

energy is transferred, Rayleiph scattered photons are not

distributed isotropically.

Compton or Incoherent Scatter. Photons can also inter-

act with orDital electrons, and during these collisions some

of the energy of the photon is transferred to the electron,

The total amount Is a function of the scattering angle and

can be computed from the following equations

E E (3)

1 + 1o2 (-cose )
0

where
El = energy of the scattered photon

E = energy of the incident photon

e = angle between the directions of
the incident and scattered photons

M C rest energy of the electron
0

X-r aX Spectra

Characteristic X ray, Since each x ray is characteris-

tic of a particular element, the element can be identified in

a compound or mixture by exciting the atoms in the substance

and measuring the energies of the emitted x rays. A typical

N-ray spectrum consists of peaks characteristic of K and L-

shell x rays from the sample plus a continuum of background

caused by scattering, electronic .. _se, stray environmental

radiation and bremsstrahlung if electrons or protons are the

exciting source.

Interpreting the characteristic bpectrum is not always

11 L
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a simple process because of interferences. The K,, x rays of

some elements are very close in energy to the K , x ra's of

others, and may overlap in the spectrum because of the limi-

tations of detector resolution. If a K. peak is hidden under

the K, peak of another element, its presence will probably be

suspected only if accompanied by its own K , peak. Then the

combination peak can be reduced to its component parts by com-

paring the K, and K, relative intensities of the two interfer-

ing elements. Interferences can also occur between the K and

L x-ray peaks of different elements and are harder to detect.

Background. The most obvious background is caused by

scattering interactions in both the sample and the detector.

The low end of the energy spectrum is dominated by Comp-
ton scattering of photons in the detector material. After

colliding with an electron, the scattered photon escapes from

the detector, depositing only the energy that it transferred

to the electron.

The exciting radiation is scattered both coherently and

incoherently in the sample. The Compton scatter appears in

the spectrum as a large broad peak lower in energy than the

radiation from the exciting source. Its exact position

depends on the experimental geometry and can be calculatel

from Eq (3). The coherent peak is generally less intense

than the Compton peak and appears at an energy correspond-

ing to that of the exciting radiation.

Another source of background involves the production of

photoelectrons in the detector material. If the character-

istic x rays produced by photoelectrtc interact: in escape

12
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without being absorbed in the detector, the tocal energy

deposited is equal to the energy of the incident photon minus

the K- or L-shell energy characteristic of the detector mate-

rial. The resulting spectrum peaks are c_..ed escape peaks.

Large scatter peaks will generally be the source of corre-

spond.ng escape reaks. Silicon detectors are less affected

by this mechanism than germanium because silicon x rays are

lower in energy and are less likely to escape. The photo-

electrons can also escape from the detector surface without

depositing their total energy resulting in a continuous back-

ground that is typically less than 1% of the counts in the

scatter peaks for silicon detectors (Ref 7t24).

A certain amount of noise is inherent in the electronics

associated with the detector and preamp. The input field-

effect transitor (FET) in the preamp can be a major source of 'I
noise which degrades the resolution of the detector. Most

recent improvements have been aimed at reducing this noise.

Cooling of the FET combined with the development of a pulsed

optical feedback system have been the most significant

improvements. The optical system replaces resistive feedback

which can add 60 eV or more to the energy resolution (Ref

28:l115).

One of the largest sources of continuous background has

been Identified as charge loss or poor charge collection in

Lhe detector. Tailing on the low energy side of spectral

peaks and a non-gaussian peaK shape are indications of charge

loss. To alleviate this problem, new detectors are being

13
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designed with -.;niprcved geometry that rP_-salt in better defi-

niti.on of the sensitive volume (Ref 7:25).

When charged particles are used as the source of excita-

tion, continuous bremsstrahlung radiation is emitted as the

particles are decelerated in collisions with atoms and can

constitute a large fraction of the total background. Elec-

trons may lose all or only a part of their energy in a single

collision, and therefore a range of bremsstrahlung energies

from zero up to the energy of the electron b~eam is observed.

The maximum Intensity occurs at an energy equal to two-thirds

of the beam voltage (Ref 28s119). The peak to background

ratio of electron-excited spectra increases as bear, voltage

increases because of the gr':ater efficie,r.y of production of

characteristic x rays at hip-her electron snergies,

Protons also emit continuous radiation when they are

* decelerated, but the intensity is much lower tlan thatI

eipitted by electcron_: because the intensity decreases propor-

tionately with the ratio of the squares of the particle

masses. Thus the brernsstrahlung produced by protons is about

(1800)2 times less inten~se and is negligible compared to the

other sources of background (Ref 2,9).I
Fig. 4 depicts a typical energy spectrum including char-

acteristic x-ray peaks, scatter, and baclkgroil'.

Sources of Exci tation

Photons, electrons, and protons are the rfl,)3 commonly

used sources of fluorescen~t x-ray production. Photons are

emitted by radioactive isotopes or produced in x-ray tubes

14
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by bombarding elemental targets with elect,.-ons, and electrons

and protons can both be used directly to excite characteris-

tic x rays in a specimen. Fig. 5 shows th3 relative off l-

ciency of these three scurces for x-ray production and each 1-

source iii discussed individually in the following sections,

Radioisotopes. It can be seen in Fig. 5 that in general,

photon excitation is the most efficient method of x-ray pro.

duction. Photon emitting radioactive isotopes are used ex-

tensively in energy dispersive spectrometry, but they have

some serious disadvantages. Most i.3topes emit a variety of

different energy photons and particles which result in numer-

ous scatter peaks that can obscure the characteristic spec-

trum. The major disadvantage of radioisotope use though is

their low activity and the long counting times required to

collect data. High intensIty sources with activities equal

to or greater than one curie are available, and wou d reduce

counting times, but they are hazardous to handle and diffi-

cult to store when not in use.

Electrons. Electrcn excitation has become more coimon

with the introduction of clectron microprobes, scanning elec-

tron microscopes (SEN), and transmission electron micro-

scopes (TEN). Because theso instruments use extremely small

electron beams to excite a very small volume of the sample,

the proportionality between mass concentration and relative

x-ray intensity is found to br Penerally valid and can yield

an accuracy of 1% (Ref 1, 4 ). The SE, for example, produces

a beam less than 100 angstroms in (dLamQLer, and currents in

the 10- 1 2 A rangje (,ItL 24,4). The primary di';advantage of

16
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electron excitation is the larbe amount of bremsstrahlung

produced from the deceleration of electrons by inelastic

collisions in the sample. Quantitative analysis of low con-

centrations is difficult without some method of stripping

this continuous background.

Protons. Protons show the most promise for use in trace

analysis because of the absence of significant bremsstrahlung.

Concentrations as low as 10- 11g have been reported using 1.5

MeV protons and predictions of detection sensitivity as low
l= n - 1 5  /r.. ee%- .c: -6I °

,.g ve been made (Ref A.1 43j Some disadvantages

of proton excitation are the expensive equipment required,

and the fact, shown in Fig. 5, that production efficiency

comparable to electron. excitation requires proton energies

100 times higher than the corresponding electron energies.

Fig. 5 can be used to make some other comparisons. The

efficiency of photon production by other photons reaches a

peak at an energy just above an element's absorption edge and

then falls off rapidly as the exciting energy increases, On

the other hand, the production efficiency of charged particles

is lowest at the absorption edge, and then increases rapidly

with increasing particle energy. The crossover observed i i

the photon and electron curves for titanium gives an indir:a-

tion of when one method is preferred, Electron excitati n

has been shown to be more sensitive for elements below aa

atomic number of 30 while photon excitation becomes the more

sensitive source above 30 (Ref 28124).

X-ray Tubes and Electron Guns. X-ray tubes and e'.ectron

18
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guns combine some of the advantages of both electron and pho-

ton excitation. The photons produced by electron bombardment

of target foils can be used to excite specimens wich much

greater intensity than radioisotope-c. The outpt.L of an x-ray

tube or gun can be controlled by varying the accel rating

* voltage and electron beam current, and the x rays produc*d

depend on the element used for the anode or target. 'he

spectrum of an unfiltered tube can be almost entirely

bremsstrahlung, while transmLssion-type anodes produce up to

eighty-five per cent characteristic radiation. The thickness

of transmission targets can be increased to further reduce

the transmission of bremssttahlung, since an element is an

efficient filter for its own radiation. But an optimum of

three to five half-thicknesses has heon reported for trans-

mission anodes, and at thicknesses greater than this too much

of the characteristic radiation is attenuated, resulting in

greatly reduced intensity (Ref 15,3).

The use of secondary targets which are shielded from the

electron beam and are excited by c rays and bremsstrahlung

from the primary target is another method for reducing the

continuous background. It cannot be eliminated completely

because a sirnificant amount of the bremsstrahlung will scat-

ter from the secondary target rather than excite it.

A better method of purifying the source radiation is

with the use of balanceci filters, sometimes called Poss fil-

ter pairs. The procedure is to adjust the thickncss of two

* .filters of different elements, so that their cran;inission of

19
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x rays is nearly equal except for a narrow e.iergy band be.

tween their absorption edges. For example, a pair of cobalt

and iron filters have a pass band between ?.11 keV and 7.709

keV, which are the absorption edges. This will allow nickel

K, x rays (7.47 keV) to be separated from nickel Kd x rays

and others close in atomic number to iron and cobalt. The

x rays in the pass band are isolated by measuring the radia-

tion from the specimen through first one filter and subtract-

ing from it the radiation from the specimen measured through

the second fiiter. Fig. 6 shows the transmission character-

istics of nickel and copper filters. According to J. R.

Rhodes (Ref 26266), to balance the filters at a given energy,

their transmission must be equal for that energy so that

8 Pass Band
Z Ni

0o )60 N/ I
<4 CULn 60-

< 40-

- 20

nL-

5 7 9 11 13 15

X-RAY ENERGY (keV)

Fig. 6. X-ray [ran5mission Throuh Balanced Filtcr,)
of Copper arid Nickcl (Froi Rf 23j266)
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e -(Aa e (4)

or

i ,/Mb "' b/Ua (5)

where k is the mass absorpgton coefficient and m is the mass

per unit area of elements a and b. the optimum value of m is

given by

1.5 + 0.5 In ' (6)
W°P= ,- q, ) IU1

where ,U, 9 and V, are the absorption coefficients at the top

and bottom of the absorption edge of the element (Ref 26s267).

Electron Range

When using electrons to excite target foils or excite

specimens directly it is desirable to be able to estimate

their range or depth of penetration. Electrons do not have

definite ranges or straight line paths because of multiple

scattering interactions with atoms and orbital electrons, and

the straggling caused by large energy losses in collisions

with other electronu. The range is defined as the total dis-

tance the electron penetrates parallel to its initial direc.

tion and is determined empirically (Ref 2515). The rela-

tionship given by Katz and Penfold is

R - 412 En (mg/cm 2) (7)

where E is the cncrgy of the ciectron in MeV and n is given
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by

n 1.265-0.094 In E (8)

for values of E between 0.01 MeV and 3 MeV.

Matrix Effects

The intensities of characteristic x rays emitted from a

substance which is a mixture of several elements will not

always reflect the concentrations of the elements present.

Absorption and enhancement effects occur which modify the

relative intensities. When the characteristic x rays of

element A have sufficient energy to excite the characteristic

x rays of element B, the relative intensity of element B is

enhanced while absorption reduces the intensity of elenent A. I

If many elements are present in the matrix, these effects can

be very complex. Some elements such as copper and nickel do

not have characteristic x-ray energies that will excite each

other and enhancement and absorption are not observed.

In any quantitative analysis of a substance, matrix

effects, if present, must be either eliminated entirely or

determined precisely. One method of eliminating matrix

effects is to dilute the substance of interest an' deposit it I
as a very thin, uai fuLnn filiii on a rUiri sample suppoi. With

the atoms greatly separated and in a very thin layer, it is

assumed that no interaction can occur and a direct linear

proportionality between mass per urd.t area and intensity will

exist (Ref 9l). The intensity is given by Gunn as

22 I
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-~cs c 4:,+ X.. cs D
dI C csc~l Ioe dx (9)

where

C constant of proportionality

10 intensity of the incident radiation

- the angle of the incident beam to the sample
surface

- the angle of the emergent beam to the sample
surface

= absorption coefficient of the incident beam

A'/, absorption coefficient of the emergent beam

o =sample density

x = sample thickness

If the sample is very thin, no absorption will occur, the

exponential term is unity and

-I= C csc 1 10 x (10)

If the area of the deposit is homogeneous and N represents

the number of atoms of the element in the deposit which flu-

oresce, then

AN c Ax (11)

and

LI C, csc~l I. /AN (12)

The proportionality will remain valid as long as absorption

in the sample is negligible (Ref 912).
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This relation is particularly useful in trace analy-is

where low concentrations are achieved Using solutions or

diluted specimens deposited in very thin layers. An this

case, matrix effects can be ignored*
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III. EQUIPMENT

Detector-Analyzer System

The equipment used in this work to detect, display, and

store the x-ray spectra is typical of recent energy disper-

sive systems. A schematic diagram of the system components

and their arrangement is shown in Fig. 7. The main compo-

nents are described in the following sections while a com-

plete list of all the equipment and the optimum control set-

tings can be found in Appendix A.

Detector. The detector used in this experiment was a

General Electric Series 411 High Purity Germanium Spectrom-

eter mounted horizontally in a cryostat. The germanium has

a 30 mm2 active area and a 4 mm sensitive depth. Because of

the exceptionally high purity (5 x 10 atoms/cm 3), lithium-

drifting is not required and temperature cycling will not

damage the detector. However, the detector is maintained at

liquid nitrogen temperatures to reduce noise in the field-

effect transistor (FET) and improve resolution. An attached

ion pump maintains the detector vacuum at 10' 5 Torr or less.

The detector preamp features the advanced low noise, pulsed

optical feedback system.

The detection process begins as x rays enter the sensi-

tive area of the germanium through a half-mil beryllium win-

dow. Each 2.98 eV of energy deposited produces an ion pair.

This charge is collected by an applied negative bias of 660

volts, and is proportional to the energy of the absorbed
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x ray. The charge is amplified by the FET preaaip whose out-

* put is a series of stops, each proportional to an x-ray energy.

The baseline voltage of 'he preamp Is reset after each seriesI of events by the optical feedback system. The preamp signal

Is then amplified again# filtered, and shaped Into pulses

proportional in height to the ene~rgies deposited. The'e

I pulses are then examined by the multichannel analyzer and

stored In memory addresses corresponding to the measured

energies,

The resolution of the detector tOetermines its ability to

separate elements close in atomic number, The standard meaz-

ure of resolution is the full width az half-maximum, (FW11M)

and minimizing Its value is a primary concern in detector

design. A FWHM of 2C0 eV was obcained with this detector

measured for the 6.4 keV x ray oi.C iron,

Multichannel Analyzer The multichannel analyzer was a

Nuclear Data Series 2200 modulahr jiyb tom with an ii~tegrated

tape transport for storage and retrieval of spectral data.

The spectrum was displayed on a Hewlett-Packard oscilloscope

and printed output obtained from a teletype. The system

memory provides selection of 512, 1024g 2048, or 4096 chan-

nels.

ScatterinR Chamber

A commercia~lly availablz Ortec Model 3703, 17-in.

diameter scatterino chamber wa_- used for the experiment5.

The chamber is forged, arunealed aluminum one-inch thick with

entry and exit ports plus two accessory ports in the sides.

27
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It is rounted on a welded steel stand equipped with levflin,

screws on each of the three 'Legs. A collimating tube for the

entry port, a Faraday cup, t.nd a spun-aluminum dome cover

were also provided by the manufacturer. The bottom of the

chamber has two more accessory ports, electrical feed-

* throughs.* and a vactiam Ileed valve.

The chamber is equipped with a unique positioning mech-

anismn which includes two slotted, rotating arms and a rotating

center sample holder. Each rotating element is independently

contrclled by a worin drive cperated externally with a crank-

type handle. The handle gives 30 of rotation per, turn and a

vernier scale allows positioning accurate to 0.10 .-

The chamber is evacuated through an accessory port on

the bottom by an oil-diffusion pump with a liquid nitrogen

vapor trap. Using the factory cover, a vacuum of 107 Torr

was possible, but with the clear plexiglass cover used during

the experiments, the minimum vacuum achieved was )nly 10-6

Torr. The plexiglass apparently outgasses and the substitu-

tion of a glass cover would undoubtedly improve the vacuum.

r;he blank on one of the side accessory ports was removed

and replaced by ar, alumiiniim collar with a 3/8-in, diameter,

one-mil beryllium window. Thi-. collar allows the detector

window to be al4.grned with che chamtber window so that x rays

from the chainbci can en~ter the detector. The collimating,

tube was removed fromr the entry port and an electron gun was

attached to the T:hamber. The chamber and associated cornpo-

forits are snedfl ir, Fig. 8.
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lectron gun is based on a design originally pro-

posed by K. Steigerwald called a focusing cathode. The

specLfic gun used in this experiment i;as designed by Dr.

R. L. lengehold of the Air Force Institute of Technology

using data on system parameters reported by F. W. Braucks

(Ref 4,212).

This gun is very versatile and could have several appli-

cations in addition to the energy dispersive x-ray spectrom-

etry investigated in this experiment. It has several advan-

tages over conventional electron guns and x-ray tubes. The

gun does not have to be kept evacuated when it is not oper-

ating, and therefore does not have to be isolated from the

scattering chamber when the chamber is opened to change

samples or targets. Any element that can be obtained as a

foil can te used Rs a target allowing selective x-ray exci-

tation of specimens. It can also be used without targets

for direct electron excitation. Most electron guns must be

kept continously evacuated to prcvetiL oxidation damage to

their components, while x-ray tubes are permanently sealed

and cannot be modified. The cost of the SLeigerwald gun is

much less than the cost of maintaing a variety of x-ray

tubes with different: anodes. In addition, the source of

electrons in this gun is a 0.005-Ixi. thoriacd tungsten fila-

ment which Is easily replaced.

An important feature of the gun is the focusing capa-

bility. By adjusting the vertical posttlon of the i'Llament

30



GCI/f73-16

10



GEP/PH/73-16

in the focusing cathode, the position of the focal point or

point of minimum beam diameter can be selected. Beam dia-

eters as small as 0.02 mm are possible at the focal point. A

divergent or unfocused beam may also be selected and in prac-

tice the electron beam diameter can be varied from several

millimeters up to an inch by adjusting the focusing voltage

regardless of the geometrical parameters. However, the min-

imum beam diameter will be obtained only at the distance and

system parameters predetermined by the filament position.

The effect of filament position on beam characteristics is

shown in Fig. 9.

Construction of the gun was accomplished in the school

machine shop from materials which included aluminum stock for

the majority of the components, stainless steel for the fil-

ament holder, a glass tube to separate the high voltage sec-

tions, and plexiglass rods to join the entire assembly. Fig.

10 is a detailed cutaway diagram of the gun assembly.

The gun is operated by first heating the filament which

emits electrons that are ther accelerated through a potential

difference. The beam is then focused by negatively biasing

the focusing cathode with respect to the filament. The

larger the negative bias, the greater is the pinching or

focusing effect on the electron beam. In this experiment it

was desirable to maintain the scattering chamber at ground

potential, so the high voltage required to accelerate the

electrons was applied to the filament and focusing cathode

asser.'y. This arrangement made it necessary to float the

filament current supply and focusing voltage supply.
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--Batteries were selected as the simplest soluttiorn to thiese

power requirements and no difficulties were encountered dur-

ino their use, A six-volt rechargea!lAe automobtle battery

was used to supply the filament current and was adjusted

using a 3.1 ohm slide wire resistor connected as a rheostat.

The output was very stable and recharging when necessary

could be accomplished overnight. A 300-volt dry cell bat-

tery was used to supply the focusing voltage. The output was

selected by a one megaohm potentiometer that kept the current

output low and increased the battery life. The batteries and
electrical wiring were housed in an insulated container

equipped with non-conducting control rods for adjustment of

filament current and focusing voltage.

The high voltage was supplied by a Spellman 60 kV regu-

lated power supply. Fig. 11 is a schematic diagram of the

electrical circuits for the gun, high voltage supply, fila-

ment supply, and focusing volvage supply.
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High Voltage 60 kV
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Fig.11 .Circuit IDiagram for the Electroni Gun
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IV. EXPERIMENTAL PROCEDURE

The experimental procedure is described in this section

in three parts. Part one deals with the initial set-up and

equipment calibration plus the determination of the operating

characteristics of the system. The second and third parts

describe the experiments performed using both transmission

x-ray excitation and direct electron excitation. Target foil

selection and sample preparation are discussed as they apply

to each experiment.

Equipment Calibration and Operation

The energy calibration of the detector and analyzer was

accomplished by exciting a wide range of pure elements and

recording the channel location of the peaks. A computer pro-

gram was used to fit the data to a polynomial equation and

provide a printout listing each channel and its energy. The

equipment drifted only slightly during the experiments and

Just one calibration was necessary.

The high voltage power supply was rated at 60 kV, but

because of the large load created by the electron gun and

associated components, only 40 kV were available at maximum

output. The full 40 kV was usCd without experiencing elec-

trical breakdown or arcing in the electron gun. The electron

gun emitted beam currents from ,aA to 300.cA using less than

2A of the total 2.8A available from the 6v battery. The beam

could be focused or pinched off completely throughout these

current and voltage ranges using less than half of the 300v
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capacity of the focusing supply.

The high voltage connection between the power supply and

the electron gun was made using well-Insulated RG-8/U cable

which constituted no hazard even at high voltages. However

some of the other wires, particularly the longer lengths,

were attracted to each other or grounded components as the

voltage was increased, and constituted a possible hazard.

These problems were eliminated by shortening the wires as

much as possible and separating them with wooden spacers.

The electron gun was shielded from accidental contact by a

plexiglass enclosure, as were all uninsulated connections, to

prevent personnel injury.

The correlation between x-ray production and electron

gun output was determined by measuring the change in x-ray

intensity as beam current was varied while holding the accel-

erating voltage constant. The same measurement was then made

by varying the voltage and holding the current constant. The

observed behavior was compared to predicted values and the

results are discussed in Section V. 

Before performirq specific experiments with x-ray or

electron excitation, the geomctrical arrang4cment which pro-

vided the optimum characteristic intensities and minimum

background was sought. The electron source arid detector were

maintained 900 apart throughout the study. The variables

investigated included the source-mrnplc arrangemcnt, sii.eld-

ing of the sample-detector path, amnd "hiclding of thu target 

to reduce breirstrahluig and scattered radiation. The effect I

3
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of target thickness on the transmitted spectrum used to

excite the specimens also was exami.ned,

Various collimating and shielding arrangements were

tried while exciting characteristic x rays in large specimens.

It was noted that despite a good peak to background ratio and

low observed level of bremsstrahlung in the spectrum, the

peak resolution was very poor. It was suspected that this-

was caused by low energy bremsstrahlung that was overloading

the amplifier, but was not reflected in the live time. This

had arisen in previous work (Ref 12s25), and the use of
Scotch tape as a low Z absorber had eliminated the problem.

This solution was tried, and by placing five layers of ordi-

nary Scotch tape over the detector window, the resolution was

restored.

The apparently good background reduction achieved when

exciting the thick specimens was inadequate when analyzing

concentrations in the micrograr range, The shielding arrange-

ment had to be revised to permit detection of 0,1 ,g concen-

trations above the background. Trhere were two critical areas

for background reduction. The first was at the detector win-

dow. The path from the sample to the detector had to be

shielied from scattered radiation while admitting character-

istic sample x rays transmitted through a small solid angle.

Of the two arrangements tried, the long, graded collimator

was the least successful apparently bocause of scatter trom j

the inside of the tube. The beter arrangement is shown in

Fig. 12 and proved to be satisfactory for all the experimental
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work.

The most critical area was the target foil. Because of

the size and shape of the scattering; chamber, large amounts

of bremsstrahlung were scattered from the sides and back of

the target foils and entered the detector. Backscattered

electrons probably also contributed to the general level of

background radiation by interacting with the chamber. This

continuous background was reduced at least tenfold by enclos-

ing the target and electron beam in a graded tube. The spe-

cimen was excited through a half-inch opening in the end of

the tube, and for optimum reduction in background, the tube

had to be extended all the way to the entry port. A slot was

cut in the top of the tube to insert targets and even this

had to be kept covered because of the large amount of radia-

tion scattered from the tarpet at 900 to the electron beam.

The complete arrangement of the chamber for transmission

x-ray excitation is shown in Fig. 12.

Measurements of radiation dose were taoKen around the

chamber and levels as high as 200 mr per hour were observed

at high potentials with the target unshielded. These levels

were reduced to practically zero with the target in the

shielding tube.

Tranmission X-Rny Excitation

Ta .. Lt ' Orzition. The ability to change tarfgets and

selectively excite different ranges in the energy sp,'ctrurn is

one of the advantages of the electron gun. The range of

excitation enorgies available is limited by several factors.
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Fig. 12. CPtinmumr Geometrry for Transmission
Foil. Excita'tion
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First the desired element must be available as a thin foil.

Secondly, the melzing point and thermal co~iductivity mrusL be

high to withstand the heat energy created by the electron

boam. Elements such as lead, tin, or cadmium, are not suit-

able usually because of their low melting poofnthe

In this work it was essential to the accuracy of th

results to be able to monitor the electron beam current and

keep it constant during the experimental runs. This was done

by measuring the current directl~y from the target foil with a

mnicroammneter, utilizing the electrical feedthrough in theI bottom of the chamber. To do this, the target and shielding

assembly had to be insulated from the chamber which was at

ground. With the chamber evacuated, th- only heat loss would

be through radiative transfer and the rest would have to be

~ I absorbed by the target assembly. Some simple calculations

Illustrate the problem. At 35 kV and 200 xA. the beam will

deposit 7 J/sec in a molybdenum tarret. If the radiative

loss is given by

QRAD :20ET 4(13)

where

ti0= Stefan-I3oltzman constant

= emissivity of molybdenum

= temperature in degre-es centigrade

The temp erature at which energy input arid radiative loss are

equal is 80000 C, well above the mrelztinp point of molybdenum.
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Howcver, a molybdenum foil placed in a lead-covered aluninum

tube was excited by a 35 kVO 200a4A electroni team for up to

4000 sec during thts study with no adverse effects. This IsK

explained by the largo moss of the whole assembly and high

conductivity of the foil, The heat is conducted efficiently

* to the lead and aluminum which absor-b it. The temperature

increase can be computed from

U MC vT (14)

where

U = heat input in calories

= mnass

Cv = specific heat

T = temperature increase in degrees cen~ti-
grade

With a heat input of 7 J/sec, 6692 calortes will be deposited

in 4000 seconds. With a mass of 500 S and specific heat of

0.08 cal/g-CO, an increase in temperature of only 1670C will

result. This estimate is slightly high because the specific

heat of aluminum is greater than that used in the computation.

Continuous runs were imited to approximately 4000 seconds to

prevent excessive heat build-up. It is obvious that an insu-

lated target foil weighing several grams by itself would notI

withstand large power inputs.

Transmissiloa target foils were sought with u wide range

of K x-ray energies and thicknesses. The optimum thickness

was found to be Liree half-thicknesses based on the cxperi-

rrental geofwtry and len[,,th of the path botween the sample and

421



GEP/PH/73-16

detector. Thicker foils produced too low a count rate when

exciting samples of low concentration. Time did not permit

ordering foils from a commercial supplier and it was diffi-

cult to obtain the desired foils in the exact thicknesses

required. With some elements it was possible to reduce thick

foils by etching or rolling.

Sample Preparation. The emphasis in the transmission

x-ray excitation was on the quantitative determination of low

elemental concentrations. Previous studies have been made

using liquid solutions deposited on mylar film and evaporated I
(Ref 8M921). Standard 1000 ppm solutions containing dis-

solved metal salts were obtained. These could be further

-4
diluted to provide any concentration below 10" g. To deposit

larger concentrations, a time consuming process of successive

deposits and evaporations was required, and instead, undis-

solved chemical salts were obtained and additional standard

solutions of ppm and 10 ppm were made. The same chemi-

cal compound was used in all standard soluti.ons of the same

element so as not to introduce additional uncertainties in

othe data,

Mylar makes an excellent sample support because of its

durability and the low amount of background it contributes to

the spectrun. The solutions were deposited on 0.25-mil mylar

sheets with micropipets and allowed to evaporate under a heat

lamp. However, the solutions doposited directly on the mylar

were not uniform,. The low concentrations had a tendency to

shrink into very small areas as they dried while the high

43

. ..._ _ __ ___i _ rea_ I



GEP/PHi/73-16

concentrations wore spread out much more. Better rc ults were

obtained by evaporating a small amount of a wetting agent on

the mylar before depositing the sample solutions. The solu-

tions then dried more uniformly and were confined to fairly

constant areas. The best procedure used was to deposit 100A

(0.1cc) of the wetting agent on the mylar and let it dry.

Then 100 A of the sample solution was deposited over the wet-

ting agent producing a sample area about one centimeter in

diameter when it evaporated.

The weights were calculated by assuming the densities

of the solutions to be the same as water (1.0 g/cc). A 100

drop then weighs 0.1 g and if the concentration is 1000 ppm,

the drop contains 10 4g of the sample element.

Samples were made using this procedure with concentra-

tons from 10- g up to 10=2 g. The samples had to be care-

fully handled, particularly the htghec concentrations, to

prevent the deposits from flaking and falling off the mylar.

Samples such as atmospheric dust, blood, and powdered concrete

were xarined and presented even more of a problem in prepara-

tion. Some, such as atmospheric dust, were deposited on the

mylar in a slurry of de-lonized water and a 'hered well when

dry. The powdered concrete was fixed to the sample support

with a very light coating of vacuum grease which did not con-

taminate the spectrum. Blood and some other substances which

Lad a tendency to flake when dry could be sprayed with a thin

coatLng of pla3tLc lacquer without affecting the obsierved

intensities.
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National Bureau of Standards steels were obtained for

use in analysis of solids. These came in rods a half-inch in

diameter. Samples were prepared by cutting disks 3/8-in.

thick from the rods and turning the faces on a lathe so that

all the samples were uniform. Samples of pure elements to be

used in the same experiments were machined from solid stock

in the same size and shape as the steel disk. Before use in

the vacuum chamber they were all cleaned thorouphly with ace-

tone,

Trace Element Analysis. Experimental runs were made to

measure characteristic x-Lay intensities emitted from samples

excited by x ray3 from transmi3ston foils bombarded by elec-

trons. Samples of each pure element of interest were made

from standard solutions in weights from 0.011ag to 0.01 S.

The samples were then cxcited and the intensities recorded,

Excitation encrgies close to the absorprtion edges of the

sample elements were used whenever possible. For example,

2-mil copper foils were used to excite chromium and iron

while 5-mil molybdenum wau used to excite rubidium and stron-

tium.

Aluminum was tried first as a sample hold.y. The mylar

sample support was held on a thin aluminun frame by applying

a sinall amount of silicon vacuum grease to the edges. The

aluminum was not satisfactory, howeverp because it contalned

contaminants such as iron and chromium whi.h produced peals

in the spectrum. A frame mad( from 1/8-1n, plexiglas3 gave

better results and no contaminants or increase in scatter I
were observed, The holder was attached to the center column
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of the chamber and could be rotated. "heo optmum position of

the sample was found to be at a 450 angle to both the detec-

tor and the excitation source.

Initially, each sample was introduced individually into

the chamber, This procedure was time consuming because it

took approximately thirty minutes to change samples and re-

evacuate the charnbcr after each run. To save time# a revolv-

ing sample holder or carousel was designed which held up to

six samples. The carousel was made from aluminum and a small

increase in background from contaminants and scatter was

observed when it was used. The carousel and its position in

the chamber are shown in Fig. 13. The mylar sample support

is mounted on a plexiglass holder and suspended from onei of

the arms on the carousel, When the center column of the

chamber and the attached spool are turned, an O-ring stretched

between that 8pool and a 3imilar spool on the carousel turns

the carousel and rotates the samples into position.

Most experimcntal runs were 1000 seconds long using an

electron beam current of 200,A and a beam potential of 35 kV,

For each weight, three samples of the same element were

excited and at least two runs were taken with each sample.

The data obtained from excttng the pure samples was used to

compile standards relating observed x-ray intensity to weight

concentration, Other more complex substances wecre excited

under the same experimental conditions, and analyzed quantt-

tatively by reference to the standards.

Several variables had to be monitored to reproduce the
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same set of conditions for each run. The electron beam was

affected by the earth's magnetic field and its position

varied with electron energy. The beam could be observed by

dusting the target with a fluorescing powder such as cadmium

sulfide, and its position controlled using an ordinary bar

magnet. Before a series of runs was made, the beam had to bo

centered on the target and the position of the magnet noted.

The beam diameter was dependent on accelerating potential,

focusing voltage, and filament current and all three had to

be duplicated for each run in a series. If beam potential

and current are held constant as filament current is in-

creased, the beam diameter will decrease. This occurs be-

cause the focusing voltage must be increased to keep the beam

current constant as more electrons are emitted from the fila-

ment. During the experimental runs there was very little

variation in the excitation parameters. The high voltage

supply was regulated and varied less than one per cent. Once

the system had stabilized after a few minutes of operation,

the variation in the beam current was less than 5% and it

could be monitored and adjusted when necessary during the

runs. Small changes in the filament current occurred duxring

the first few minutes of operation as the filament heated up

and the resistance changed. The ammeter used to monitor fil-

ament current did not have a very sensitive scale and these

changes were not always detectable except by the variations

they producecd in the beam current. This was not critical and

could be compensated for by adjusting the focusing voltage to
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keep the beam current constant.

Analysis of Solids. An attempt was made to analyze ele-

mental concentrations in steel standards by selectively

exciting the elements in the samples to determine matrix cor-

rection factors. The assumption was that radiation from an

iron target foil would Pxcite only chromium in a matrix con-

taining chromium, iron, and nickel, and that a nickel foil

would excite only chromium and iron. By comparing the in-

tensities emitted from the steel samples and intensities

emitted from pure elements, empirical correction factors

would be computed. Unknowns with the same three element

matrix could then be analyzed using these correction factors

and their elemental weight fractions determined.

The first technique tried was to excite the sample3 with

radiation transmitted through a 7-mil iron foil to obtain the

un-enhanced chromium intensity. This was not successful be-

cause a large amount of bremsstrahlung waE also transmitted

and excited the iron and nickel in the samples which enhanced

the chromium intensity. The presence of enhancement was

determined by comparing the chromium intensity from the steel

to that emitted by a pure sample excited under the same con-

ditions. If matrix effects are not present then the rela-

tionship is given by

Im  PW m

I - Ip W (6
C Cr Cr

whr m -xI
where ICr x-ray intensity emitted by chromium inmatrix in

Cr x-ray intensity emitted by pure chromium
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WMCr weight fraction of chromium in matrix m

If the weight concentration computed from the observed inten-

sities is greater than the actual chromium concentration in

the sample then enhancement has occurred.

A second technique was used in an attempt to eliminate

the transmitted bremsstrahlung. The experimental arrangement

is illustrated in Fig. 14. A molybdenum target foil was

placed at a 450 angle in a lead-covered aluminum tube with an

opening in the side, The radiation produced by electron exci-

tation of the molybdenum is transmitted through the foil and

leaves the tube at a 90' angle to the direction of the elec-

tron beam. This radiation then excites characteristic x rays

in a secondary iron target which, in turn, excites the steel

samples. This geometry did reduce the amount of bremsstrah-

lung but not enough to eliminate excitation of iron and nickel

by radiation scattered from the iron secondary target. The

proposed experiment was not completed because of the failure

to selectively excite the chromium in the steel samples. The

enhancement observed in each case Is discussed in Section V

and compared to results using direct electron excitation.

Direct Electron Excitation

Two experiments were attempted in an effort to analyze

elemental concentrations in steel standards by direct elec-

tron excitation.

Selective excitation of the elements in the sample by

varying the electron beam energy was tried first. By
A
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Fig. 14. Chamber Set-up for ExcLtation of Steel
Using Iron Secondary Target
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adjusting the beam energy so that it was just above the K

absorption edge of chromium but below the K absorption edge

of iron it was hoped that only chromium would be excited.

Th e chromium was selectively excited but the efficiency of

production of x rays by electrons was so low at that energy

(--6.0 keV) that the peak was barely detectable above the

continuous background and this experiment was discontinued.

The efficiency of production was much better at beam

potentials above 15 kV, and the continuous bickground could

be reduced considerably by using a finely focused beam with a

very small diameter. The second experiment was to use the

Ifocused beam to excite the steel samples an~d correlate the

observed intensities and concentrations by determining the

amount of enhancement and absorption present. Since elec-

trons have short ranges it was expected that o)nly the sur-

faces of the samples would be excited and thus matrix effects

would be minimal. The electron range in iron, for example,

is only 1.15 microns at 20 kV.

The samples were mounted on the carousel at a 450 angle

to the electron beam, and were lightly dusted with CdS so

that the beam could be positioned accurately. The sulfur and

cadmium were also excited but their peaks did not interfere

with the characteristic peaks of the elements in the steel.

1he experimental runs were all 100 seconds loi7 and the K

x-ray intensities of the three elements in the samples were

recorded after each run. The beam diameter could be moni-

tored visually and kept constant by adjusting the beam
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current which was measured directly from the carousel by

insulating It front the chamnber with teflon spacers.
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V. DATA ANAXYSIS AND RESULTS

System Operation

Since a wide range of electron energies And beam cur.rents

were available, their effect on the production of character-

istic x rays wzas investigated to determine the optimum com-

bination for each experiment. The x-ray intensities were

measured from pure samples while varying the beam current and

holding the accelerating potential constant. Both solids and

evapcrated solutions were used as sainples. Fig. 15 shows the

results obtained from a 10"3g chrcrnium deposit excited by

copper x rays, and from a large sample of pure copper excited

by rhodium. The relationship between current and intensity

is linear, but the rate of increase in intensity becomes

larger as the concentration of the sample element is increased.

Measurements were then made relating intensity to beam

potential at a constant current. An empirical equation pre-

dicting intensity as a function of the electron beam poten-

tial for x-ray tubes was determined by Green and Cosslett

(Ref 60l), The equation is

I K(Y I)1.67 (17)

where K - a constant of proportionality

V - electron beam potential

Ek - K-shell binding energy

The intensities measured experimentally fit this equation

very well, It was also noted that the relationship was valid
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for both the intensity of the radiation from the target meas-

ured directly or for the characteristic radiation emitted by

a sample excited by the target radiation. The ratio I/K can

be con puted for a copper foil and plotted as a function of

accelerating potential. This is shown in Fig. 16. If the

ratio is plotted from experimental data obtained by exciting

a copper sample with x rays from a rhodium target, the result

is the same and the curves coincide. Within the limits of

random counting error, the values of K are the same for all

data points assuming a constant geometry Pnd using the Ek of

the radiation whose intensity is measured. The I/K ratios

of several other elements are also plotted in Fig. 16 and IA

show that the rate ot increase in intensity becomes greater

as atomic number decreases. This occurs because the effi-

ciency of production of x rays by electrons becomes greater

as the difference between Ek and electron energy increases.

From the preceding discussion, it can be seen that count

rate increases with both beam current and voltage. For large

solid samples, an adequate count rate can be achieved at low

electron currents and energies and has the advanl:age of de-

creasing the power input to the target. On the other hand,

the peak to background ratio was found to increase with beam

potential.

For trace analysis, both count rate and the peak to back-

ground ratio are of primary importance. The minimum detect-

able concentration of an element occurs when the observed

peak rises above the local background by at least twice the

I
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stand-rd deviation of the background (Ref 24 t1 6 ). This rela-

tio- : is written

CMiI. 2 B CStd (18)

I

where B - background counts

I = net peak count above the background

Ct = concentration of the element analyzed
3td

The minimum detectable concentraclon increases as the square

root of the count rate, and the highest count rate is

achieved at the highest beam current and accelerating poten-

tial available.

The diameter of the electron beatr and the Jistance be-

tween the sample and the target foil alsc ."i ctied the x-ray

intensity, The intensity of characteristi.. x rays emitted

from a sample increased as the target was moved closer to the

sample, At distances clcser than 4 cm, little change in

intensity was observed and this seemed to be the optimum. At

this distancel with equal beam currents, a small concentrated

beam seemed to produce a slightly higher count rate than a

beam with a large diameter. Somen data was taken to show the

relationshi, )f beam diameter to the other electron gun

parameters. These data are Droscnted in Table I. A large

number of combinations arc possible and these values do not

represent any maximum or minimum sizes.

iI
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Table I
Variation of Electron Beam Diameter

With Other System Parameters

IF - Filament Current VB - Beam Potential

IB - Beam Current V F = Focusing Voltage

D Beam Diameter

VB (V) IF (A) D (in.) VF (V) IB ( A)

25 1.5 1/4 82 5
23 1.5 1/2 62 15
25 1.6 1/4 84 25
25 1.6 1/2 64 90
25 1.7 1/4 86 110

35 1.5 1/4 100 8
35 1.5 1/2 76 22
35 1.6 1/4 104 3835 1.6 1/2 78 110 ,35 1.7 1/4 108 120

Trace Element Analysis

The sensitivity of the system was determined by trans-

mission foil excitation of reference solutions dcposited on

-7mylar, The lowest amount detectable was 10' g and the K

x rays of most elements that were excited with energies close

to their absorption edge were detectable at that level. Chro-

mium and iron were both detectable to 10- 7g when excited with

copper x rays, and rubidium was detected at that weight with

molybdenum x rays. However, when molybdenum x rays were

us(od to excite iron, only 10" 6g of iron was detectable. The

L x rays of lanthanum which had a fluorescent yi.eld less than

0.1. were detected down to 10- 6g with a coppei Foil. Thle

indicates that the L x rays of heavier elein(;ts with higher
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fluorescent yields should be detectable in the 1O'7g range.

The intensities emitted from pure samples of iron, chro-

mium, rubidium, and lanthanum were measured in concentrations

from 0.1zg to 0.01g, and the results were plotted. Chromium

and iron are shown in Fig. 17 and rubidium and lanthanum in

Fig. 16. These curves were used as reference standards to

determine t.he concentrations of these elements in substances

of unknown composition. As long as matrix and self-absorption

effects are absent, there is a direct proportionality between

mass per unit area and intensity. The slopes of the curves

in Fig. 17 and Fig. 18 are approximately unity and the

straight portions represent linearity. When the specimens I
become thick and absorption occurs, this linearity breaks

down. The concentrations at which this begins to occur is 17
easily determined from the reference curves. The thickness

at which absorption begins is a function of the sample ele-

ment's x-ray energy, and of the amount of other elements

present in the matrix. The chromium curve begins to break

off at about 4008g, while rubidium with higher energy x rays

that are less easily absorbed, exhibits linearity up to about

lO00Otg. These values compare favorably to those reported by

other researchers (Ref 100). These limits can also be com-.

pared to those predLctcd by theory. Rhodes gives an equation

for fluorescent intensity (Ref 26t268) which is

K a 1i+2 - exp - (U' + 2 )m (19)0 1 1
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where K - constant combining geometrical factors and
detector efficiency

0a - fluorescent yield of elemen: ta'

'a - photoelectric cross section for the incidentradiation

ra - weight fraction of element 'a'

m - mass per unit area

/V| = attenuation coefficient at the incident energy

A 2 - attenuation coefficient at the fluorescent
energy

A specimen is considered thin when

m(W 1 +kV 2 )< 0.1 (20)

and Eq (19) then reduces to

I a= ama (21)
K 1o

Setting Eq (20) equal to 0.1, solving for ma and dividing by

the area of the deposit yields the concentration at which the

linearity breaks down for element a. The attenuation coeffi-

ctents, Z1 and/z 2', depend on all the elements present in the

deposit and are computed by

(22)T •

The value computed for rubidium using Eq (20) is 1160A4g and

compares well with the value determined from Fig. 18. For

chromium, the computed value is 397/c g which is also very

close to the experimentally determined value. Since the
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soluttons used to make the samples are dissolved compounds,

other elements are introduced which affect absorption ip the

specimen. Chromium is obtained from the salt, K2 CrO4 , and

both oxygen and potassium will absorb chromium x rays. These

other constituents cau3e the linearity to drop off earlier

t han it would if just the chromium were present. It is

desLrable to use compounds that have the elements of interest

combined with others of low atomic number. However, in many

cases, the most desirable compounds are insoluble and cannot

be used.

Chromium was mixed individually with four other elements

higher in atomic number and excited with molybdenum x rays to

determine when enhancement of the chromium would occur. When

10" 4g each of chromium and one of the other elements was

mixed and excited, no enhancement was observed. At 10- 3g,

absorption of the chromium in the mixture was the same as that

in a pure sample but no enhancement was apparent. However,

when 10- of chromium was combined with 10" of several

other elements of higher Z, the chromium was enhanced by as

much as 30% when compared to the intensity from a pure sample.

The reference curves in Figs. 17 and 18 were used to

analyze the constituents of some complex substances including

atmospheric dust collected in an electrostatic precipitator

and pulverized orchard leaves obtained from the National

Bureau of Standards. The best technique for cxciting speci-

mens of unknowii concentrarion was to make several runs using

different transmission foLls to examine different areas of
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the spectrum. Elements that might not be detected with a

single excitation energy can be found using this method. As
an example of the importance of the energy of the exciting
source, a 1.0 mg chromium sample excited with a silver tar-

get results in a peak of 4480 ccunts. The same sample

excited with a copper target gives a peak with 141,127 counts,

thirty times greater.

The N.B.S. orchard leaves was a reference standard and

the amount of each constituent was given. It was not a par-

ticularly good sample for the dilution method because a min-

imum of 250 mg was required for guaranteed homogeneity, and

only a few milligrams could be deposited in an area of 1.0

cm2 on the mylar. However, some fairly good results were

obtained using 3.3 mg + 0.1 and 8.0 mg + 0.1 samples. Accord-

in8g to the N.B.S., the leaves contained 300,&g/g + 20 of

iron. The 3.3 mg sample should then contain 0.9xug + 0.07 of

iron and the 8.0 mg sample should contain 2 .4,ug + 0.16.

Excitation of the 3.3 mg sample resulted in a peak with 648

+ 25 counts. A 0.9v g pure iron sample was made from a ref-

erence solution and a series of runs resulted in an average

of 627 + 4 counts in the peak, Neglecting matrix effects,

the weight of the 8.0 mg sample can be computed by comparing

its observed intensity, 1156 +_ 43 counts, to that of the 3.3

mg sampie with the relation

IU  WU
(23)

is  WS

6s j
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where the U refers to the unknown and the S to the standard.

The computed weight of 2.5 7 t4g + 0.24 compares reasonably

well to the value of 2.4ag dctcrmined from the N.B.S. data.

Atmospheric dust was also examined and provided an

interesting specimen. It contained a large amount of iron

whose weight was determined by reference to the calibration

curve for iron in Fig. 18. The quantities of the other ele-

ments were determined from the iron intensity by correcting

for the differences in fluorescent yield, cros- section and

detector efficiency with Eq (21). The incident intensity

and geon .rical fac-ors were assumed to be constant. Tho

spectrum of a 5.5 mg dust sample excited with a molybdenum

target is shown in Fig. 19. The counting time was 1000 sec

with a beam potential of 35 1W and a beam current of 200 aA.

Table II lists the elements identified in the Sample wiLLh the

concentrations of the larger constituents. s/hen the same

sample was excited with a copper target, the low atomic num-

ber elements were enhanced. For example, titanium had 1380

counts compared to about 30 with the molybdenum target. The

pre once of a cerium L. peak was also revealed by exciting

the sample with copper x rays.

Matrix Effects

Four experiments were performed to investigate the con-

centrations of chromium, iron, and nickel in N.B.S. steel

standards. The first two experiments were conducted with

transmission targets as the exciting source in an attempt to

selectively excite the elements in the steel and determine
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Table II
Contaminants in Atmospheric Dust (5.5 mg)

Time = 1000 sec IB = 200kfA VB = 35 kV

Target = Molybdenum

Element Counts in Peak Estimated % of Sample
Weight(')

Sulfur 25

Potassium 33

Calcium 2290 297 + 9 5.40

Tltaniuin 30

Manganese 45

Iron 3442 94 + 3 1.70

Copper 27

Zinc 625 8.3 + 0.5 0.15

Gallium 79 0.89 + 0.2 0.016

Bromine 570 4.74 + 0.28 0.86

Strontium 349 2.1 + C'.18 0.38

Zirconium 65

Lead 1960 13 + 0.43 0.24

correction factors for enhancement and absorption interactions.

The first attempt was made using the radiation transmitted

through a thick iron foil to excite the sample directly.

Since iron x rays will not excite iron and nickel, only the

chromium should have been excited. However, a large amount

of brem3strahlung high enough in energy to excite iron and

nickel was also transmitted, and the chromium intensity in

the steel was enhanced when compared to a pure sample of

chromium excited under the same conditions, The use of a

secondary target geometry was also tried in an attempt to
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reduce the bremsstrahlung spectrum, and the results were a

little better, but bremsstrahlung transmitted through the

molybdenum foil and scattered from the iron secondary still

produced enough iron x rays in the steel to enhance the chro-

mium intensity. The results of these two experiments com-

pared to the actual chromium concentrations in the steel

alloys are shown in Table III.

Table III
Enhancement of Chromium in Steel From an Iron Target
Used as Both a Primary and Secondary Exciting Source

Chemical Concentration
Alloy of Cr (M) Primary (%)a Secondary (%)a

845 13.31 20.85 + 0.59 19.02 + 1.1

846 18.35 28.90 + 0.?3 26.90 + 2.0

848 9.09 15.67 + 0.50 12.23 + 0.83

850 2.99 5.96 + 0.30 4.19 + 0.46

aDetermined by comparison to pure Cr excited under the

same conditions.

The final two experiments were conducted with direct

electron excitation. Selective ecitatior of the elements in

the steel standards was attempted first, With the electron

beam energy just above the absorption edge of chromium and

below that of iron, it was possible to excite only the chro-

mium. But the efficiency of production of x rays at this

energy is so low that the peak was barely detectable above

the continuous background and no reliable data could be
obtained.

The excitation of the samples with a higher energy beam

and as small a beam diameter as possible gave better results.
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The reduction in the size of the beam reduces the total

amount uf brcmsstrahlung, and the peak to background ratio is

increased because the dead time is reduced. It was found

throughout thi study that dead times in excess of about 10%

resulted in lower peak to background ratios. Large amounts

of low energy bremsstrahlung also degrade the resolution in

spite of the Scotch Tape absorber, and the use of the small

beam is required to keep the current low and reduce the total

continuous radiation emitted. The most important result from

the use of a focused beam in this experiment is the reduction

in matrix effects by reducing the volume of the excited mate-

rial.

The use of beam potentials above 20 kV allowed the sam-

ples to be excited much more efficiently and had the most

significant effect on increasire the peak to background ratio.

Beam potentials higher than 25 kV should be avoided, however,

because the more energetic electrons penetrate more deeply

into the sample. Because of the short range of the electrons

in the samples, most of the x-ray production occurred close

to the surface and very little enhancement or absorption was

observed. The four alloys examined were compared with a pure

chromium sample excited under the same conditions and the

agreement Ath the actual chemical composition was very good.

The results of these runs are listed in Table IV,

If no matrix effects are present and no difference in

detection efficiency or x-ray production efficiency exists, j
the relative inLensities of the elements in a substance

should be equal to their weight fractions. Since the detector
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efficiency for iron, nickel, and chromium is 100% for the

germanium detector used in this work, correction of the

observed intensities for x-ray production efficiency by elec-

trons should yield the actual intensities assuming no matrix

effects.

Determination of these production efficiencies proved

to be a problem. The efficiency is a function of the beam

voltage, the take-off angle (angle between the emitted x rays

and the sample surface) and the angle of the electron beam to

the sample surface. The angle of the sample to the electron

beam in this experiment was 450 and no data was available for

these geometrical conditions.

An alternative method was to use one of the samples as a

standard and compute the efficiency racios. The efficiency

is ex,,ressed in the literature as photons per electron per

steradian and accounts for both atomic weight and fluorescent

yield. The efficiency of production is related to peak

intensity by

El N1 oc C 1  (24)

where

efficiency of production of x rays by
electrons

N, - number of atoms/cm3

C1 = not counts in the photo peak

Two elements in a sample can then be related by

N1  C1 E2

2 (25)
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The weight fraction of an element in the .ample is propor-

tional to the number of atoms and the density by the relation

W1 w N (26)

where

W, = weight fraction of an element in the sample

= density

The rati.o of the weight fraction of two elements in the

sample can then be determined by

-1 / 2 2 (2 7)

W2  pl -1 C 2

lhe efficiency ratios determined for the ,-efe rence sample

were used to correct the intensities of the other samples.

The results were reasonably close cosidering the magnitude

of the random cointing error at these intenities. lhe

recults are pr,:sented in Table IV with the chromium concen-

trations determined by comparison to a pure sample. Since

the three elements analyzed lccouncod for a littlt s than

100% of the sample, a correction was made in the total inten-

sities for this difference.

I
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Table IV
Composition of Steel Estimated by

Direct Electron Excitation

Corrected for Compared
Alloy Element Chemical Wt. Production To Pure() Efficiency (%) Element (%)

845 Cr 13.31 14.16 + 0.26 14.8 + 0.25
Fe 83.20 82.40 ; 1.8
Nt 0.28 0.21 :F 0.03

846 Cr 18.35 Reference 18.12 + 0.28
Fe 68.80
Ni 9.11

848 Cr 9.09 9.16 + 0.26
Fe 85.30 85.46 T 2.7Nt 0.52 0.26 :F 0.05 {

850 Cr 2.99 2.1u + 0.06 3.20 + 0.11
Fe 70.80 73.00 :T 2.8
Ni 24.80 23.90 :F 1.1

IA
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VI. CONCLUSIONS AND RPCOMMENDAT IONS

The goal of this study was to constrict and investigate

the capabilities of a system for energy dispersive x-ray

analysis which uses an electron gun as an exciting source.

The capabilities of the system for both qualitative and quan-

titative analysis were very good and can be substantially

improved with the modifications recommended in this section.

With 1000 sec counting times, weights in the 10- g :ange were

detected, However, this value is limited by the geoenetry

imposed by the size of the chamber. The detector could not

be placed any closer to the sample than 9.5 in., and the

small solid angles limit the amount of sample radiation seen

by the detector. With the detector positioned a few centi-

meters from the sample, the limit of detection should be at

least an order of magnitude lower.

In a study don,) currently with this project, the usa of

radioisotope excitation produced minimum detectable concen-

trations of 10- 6g, but required long counting times even with

the source, sample, and detector only a few centimeters apart.

For example, when the silver x rays from a 3 mC Cd" ) sotirce

were used to excle atniospheric dust, it took 16,(bJ see to

produce an iron peak with 4400 counts. With the electron gun

i and a molybdenum targeL to excite the same sample, 4400

counts were recorded in the iron peak in only 10CO 5cc,

Proton excitatiou dlnu previously by this laboratory

with a 2 Mr!V Van Dc Graati accelcrator produced detec':ion of
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concentrations in the nanogram range with count:[ng times lC3s

than 2000 see, ond shows promise of even bctter sensitivity.

A small amount of atmospheric dust deposited on a carbon foil

and excited with 1.5 MeV protons produced an iron peak with

690,000 counts in 2000 sec of operation. The detector in

this case was located approximately 2.5 in. from the sample.

Fig. 5 shows that the intensity of x rays produced by 1.5 MeV

protons should be about the same as the intensity produced by

25 keV electrons. Although the electrons were not used

directly to excite the atmospheric samples, the large differ-

ence in count rate must be due primarily to the geometrical

factors. Because of the extremely low level of bremsstrah-

lung, proton excitation is still preferred, bu_ where accel-

erators are not available, the electron gun provides a good 14
alternative.

Atmospheric dust was the oaly substance analyzed both

qualitatively and quantitatively because of time limitations.

Differences in composition were noted between different sam-

ples indicating that the elements were not homogeneously dis-

tributed and that the contaminants In the air probably vary

over a period of several days. Other substances such as blood

and pulverized concrete were examined briefly to determine

the excent tc which the dilution technique was applicable.

Many substances do not dissolve in water and thin slurries

made by mixing them with deionized water do not lways adhere

to mylar. A low atormi-c nuirber vacuLJun grease was used to

mount some samples Vithout affecting the spectrum. All the
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samples that were used had to be of the same area and general

shape according to theory. It was determined by experlment

that below concentrations of 1O,3g, a 15 to 20% variation in

area had no effect on the observed intensities.

Quantitative analysis with experimentally determined

* reference standards also has its drawbacks. It is a time-

consuming process making standards for a large number of

elements, and they must be checked and updated periodically

to correct for variations in the detection equipment. Many

techniques have been designed to compensate for matrix

effects in various substances, but all suffer certain dis-

advantages and are limited to a narrow range of spectmeiLs to

*1 which they apply.

The use of direct electron excitation also looks prom- I
ising for certain applicationse but its range of capabilities

was not fully explored and more investigation needs co be

done in this area. The minimum beam diameter available with

tLe system was never used experimentally, and its use would

probably further reduce matrix effects in the samples.

It is recommended that more analysis be accomplished

using the electron gun and that ccrcaln modifications be made

to improve the sensitivity. Specifically, a new chamber

should be destgiied to replace the Ortec chamber now in use.

The detector to sample path needs to be reduced considerably,

and provisions should be made for the use of multiple samples

and tarpct, similar to the carou!;l sample holder used in

this system. The posLtion -:f the electron gun could be made

variable to take btter advantage of its focusing
!I
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characteristics, and to allow loriger counting times some

method of cooling the target should be devised, A design

proposal for an improved sample chamber is presented in

Appendix C.

The errors introduced into the data were larger in many

cases than would be expected from counting statistics. This

probably resulted from problems associated with the detector

and analyzer which were present throughout the experimental

period. Many runs were taken and some data discarded to

obtain consistent results but the deviations in some values

are still rather large. The statistical methods used in

reduction of the data is included in Appendix B.

In summary, the versatility of the electron gun as an

excitation source and the higher level of photon flux It pro-

duces gives it an advantoge over radioisotope excitation even

using very active sources. Compared to proton excitation,

the main advantage of the electron gun is its lower cost and

greater availability.
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Appendix A

List of Equtipment

1. Keithly Instruments Model 153 Microvolt-Ammoter

2. Spellmnan High Voltage Power Supply

60 kV at 1 mA

3. Norton Vacuum Equipment NRC 831 Ionization Gauge Control

4. Consolidated Vacuum Corp. Ionization Gauge Tube

5. Consolidated Vacuum Corp. Six-inch Oil Diffusion Pump

6. Nuclear Data Model 2200 Modular Multichiannel Analyzer
with the following moduless

A. Memory

B. Master Control

C. Read-in/Out Display

D. Dual Parameter Input/Display

E. Analog to Digital Converter

Conversion Gaino 2048

Inputi D.C.

BLRt Out

F. Teletype Drive i
G. Magnetic Tape Read

H. Magnetic Tape Control/Witite

7. Peripheral Equipment Corp. Magnetic Tape Transport

8. Hewlett Packard Oscilloscope

9. Ortec Model 452 Spectro.,;copy Amplifier

Coarse Gaitus IOU

Shape Timei 3 A/sec
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output Ranges + lOv

Outputsa Unipolar

Delays Out

BLRt Out

1O. Technical i-es~~~ Cnrp, Teletype

11, Hewlett-Packard Harrison 6516A D.C. Power Supply

Biast -660v

12. General Electric Series 411 Hligh-Purity Germnaniumn Photon -

Spectrometer
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Appendix BI
Stntitical Treatment

The data used to plot the reference curves was obtained

by taking a number of runs under the exact same conditions

and averaging the net counts to obtain the arithmetic mean.

The count rate fluctuated excessively between some runs

because of suspected problems in the detector or analyzer and

the differences in gross counts were large. However, the

same variations were reflected in the background and the net

counts were often very close. Therefore out of necessity,

the statistical treatment was based on the net counts. The

total variation was computed from

T n (28)

where N - number of readings

E - arithmetic mean

n i net counts for each run

The standard deviation of the arithmetic mean value is then
given by

-N " (29)

The total variation includes tne instrument operation error,

counting erzor, sample variation error, and the instrument

variation error (Ref 4o2). The sample variation and
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instrument operation errors were assumed negligible compared

to the instrument variation and counting errors. The magni-

tude of the instrument error can be estimated from the rela-

tionship

T K, + ____ =

where countLing error
C

Cr instrument variationI

The net peak areas for a typical series of chromium runs is

shown in Taoi, ='.

Table V I5
Net Peak Areas From the Excitation of 10 5 g of Ceiromium

%, 2 i
N Net Peak Counts (i- n i )

1 2492 400

2 2335 18769

3 2590 13924

2472 33092

Using the values from Table V and TEq (25) the total variation,

ST is computed as 128.6. The instrument variation can then

be calculatedi

- - 2 (16538 - 2472)1 118.5 (5i)

This result indicates that the instrument variation is the

largest error associated with these runs.
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The data obtained from direct electron excitation was

generally based on one observation and the variation of the

measurements were due to random counting error alone. The

standard deviation of a measurement is Just the square root

of that measurement. With spectral peaks, the background as

well as the characteristic peak itself must be statistically

considered. The standard deviation is calculated from

= (C + Ob)k (32)

where Ce = gross counts under the peak

Cb = background counts

Some of the computations involved the multiplication or

division of quantities that had errors associated with their

values, and tihes3 errors had to be propagated to determine

the total error. If A and B are multiplied or divided to

form Cs the total error is determined by

(33)

,i
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Appendix C

UProposed Chamber

The scattering chamber illustrated in Fig. 20 is pro-

posed as a replacement for the Ortec chamber used in this

study. The new chamber is designed so that the detector is

much closer to the sample to improve the sens3itivity. The

carousels shown in the diagram rotate and can hold up to

six samples or target foils. Target cooling is accomplished

by extending the target carousel support through the chamber

bottom and into a liquid nitrogen reservoir. The beam cur-

rent is also measured from this support and the carousel con-

trol rod must be insulated from the chamber.

The construction of the cylindrical chamber should be

primarily of high purity aluminum with glass or plexiglass

windows in the top for visual positioning of the targets and

samples. These windows can then be covered with lead shields

while the gun is operating. Thin lead sheets may be required

also on the inside shields to prevent penetration of scattered

high energy bremsstrahlung which may enter the detector.

Experimentation with shielding in the sample chamber may be

necessary to determine the optimum arrangement.

8
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